ABSTRACT: Most fishes in Antarctic waters belong to the suborder Notothc,nioidei, highly developed perciform fishes whlch have been able to occupy not only a variety of benthic but also pclagic niches in Antarctic waters. One of the rare truly pelagic fish species. Pleuragramma antarctlcurn, plays a pivotal role in high-Antarctic food webs, due to its exceptional abundance. To investigdte the life history of P.
INTRODUCTION
High-Antarctic shelf waters are characterized by particularly low and constant temperatures between -1.6 and -2.1°C, high oxygen levels of more than 95% saturation (Hellmer & Bersch 1985) , and a pronounced seasonality in both the ice regime and in pelagic production (Clarke 1988) . In addition, hydrographic components such as a complex current system, ice drift, summer stratification due to melting processes and a highly specific distribution of water masses on the shelf, all strongly affect the life cycle of fish in the 'Addressee for correspondence. E-mail: whagcn(*ipoe.de Weddell Sea (Hubold 1991) . While temperature and production decrease towards the south, stability of temperature and predictability of hydrographic features increase in the permanent pack-ice zone surrounding the continent (Hempel 1990 ). This stability is important for adaptive processes (Clarke 1990) .
The originally benthic notothenioids have evolved in Antarctic waters since the Tertiary (Andersen 1984) . Their comprehensive set of morphological, physiological and life history adaptations to a permanently icecovered, hlghly seasonal ecosystem has enabled them to clearly domlnate the high-Antarctic fish fauna (Andriashev 1987 , Macdonald et al. 1987 , Eastman 1993 ). Today we find a high degree of stenoth.ermy and endemism among the notothenioids. In highAntarctic waters such as the Weddell Sea, more than 70 O/o of the species (Hubold 1991 (Hubold , 1992 and 98 % of all demersal fish belong to one perciform suborder, the Notothenioidei (Ekau 1988) . As confirmed for the major high-Antarctic shelf regions, the Weddell Sea , the Ross Sea (DeWitt 1970) and the Prydz Bay area (Williams 1985) . Pleuragramma antarcticurn is the only pelagic fish species which is present in all sizes throughout the water column. The major stimulus for this change in its mode of life may have been nutritional competition among demersal species, on the one hand, as well as the rich and largely unexploited food sources in the pelagic habitat, on the other hand. To successfully occupy thls pelagic niche P. antarcticum had to combine the more general adaptations of all notothenioids with specializations necessary to survive in the water column.
It is well known that lipids play an extraordinary role in high latitude ecosystems (e.g Clarke 1983 , FalkPetersen et al. 1990 , Hagen 1996 . In Antarctic fishes lipids may be used as energy reserves to buffer seasonal differences in food availability. These lowdensity compounds also provide considerable hydrostatic lift. The latter is of major importance for a migrating and pelagic species such as Pleuragramma antarcticum, which lacks a swim bladder to regulate its buoyancy (Eastman & DeVries 1982 , Clarke et al. 1984 , Friedrich & Hagen 1994 ). In addition, larger amounts of highly unsaturated phospholipid classes increase the fluidity and hence ensure the proper functioning of biomembranes at freezing temperatures (Dey et al. 1993 , Cossins 1994 , Clarke & Johnston 1996 . Exposure to such low ambient temperatures also requires neurophysiological adjustments (Macdonald et al. 1987 , Maggio et al. 1990 , Montgomery et al. 1990 ). Alterations in the composition of gangliosides may contribute to the functioning of the nervous system and brain in icy waters (Becker et al. 1995) .
An important physiological adaptation in a freezing environment is the presence of macromolecular antifreeze compounds, which have been detected in the body fluids of most Antarctic fishes. Antifreezes are glycopeptides or peptides which evolved in a number of unrelated lineages of cold water teleosts including notothenioids, zoarcids, cottids, gadids, pleuronectids, clupeids and osmerids (DeVries 1988 , Cheng & DeVries 1991 . Eastman 1993 , Wohrmann 1993 . However, no antifreeze agents were found in Pleuragramma antarcticurn during earlier investigations (Haschemeyer & Jannasch 1983).
The respiratory system of fishes, particularly their haemoglobins, constitutes an excellent model for studies on environmental adaptations (Powers 1980) . These adaptations may occur at the morphological, physiological or molecular level. Gill morphometrics reflect oxygen requirements, indicate activity levels, and permit conclusions about the mode of l~f e of a particular species. Of special interest in this respect are gill surface area, water-blood diffusion distance and the general gill structure (Hughes 1984) . Most fish species adjust certain haematolog~cal parameters according to environmental conditions (Val et al. 1990 ) Respiratory blood properties, especially oxygen carrying capacity dnd oxygen affinity, respond to evolutionary selective pressure (Wells et al. , 1989 It is the purpose of this article to compile our results about the adaptations of Pleuragramma antarcticum to pelagic life in the extremely cold shelf waters of the Weddell Sea. This large marine ecosystem has been the scene of studies over several years to better understand the biology of this dominant fish species in a unique marine environment. Consequently, various biochemical, physiological and ecol.oyica1 aspects of the biology of P. antarcticum were investigated in detail, which reflect adjustments to the pelagic mode of life and may provide information on the evolution of this teleost.
MATERIALS AND METHODS

Specimens of Pleuragramma antarcticurn were caught
with various nets such as the bongo (fish larvae), krill trawl, Agassiz trawl, benthopelagic trawl and bottom trawl (Hubold 1992 ). More than 14 000 larvae, postlarvae and juveniles and more than 2000 adults were collected in the Weddell Sea region by RV 'Polarstern' during the following expeditions: ANT III/3 (Jan-Mar 1985), ANT V/3 (Oct-Dec 3.986), ANT VII/4 (Jan-Mar 1989), ANT IX/3 (Jan-Mar 1991) and ANT X/3 (Mar-May 1992) (Fig. 1) . The standard length (SL) of the specimens ranged from 8 mm to about 80 mm for larvae, postlarvae, and juveniles and up to 255 mm for adults. Exact positions and depths of all hauls are given in the respective cruise reports (Ekau & Hubold 1985 , Hureau et al. 1990 , Wohrmann & Zimrnermann 1992 , di Prisco et al. 1993 .
The fish specimens were usually sorted, counted, measured, weighed and frozen at -30°C or fixed in 4 % buffered formalin immediately after the catch came on board. Gills were fixed in glutara.ldehyde and osmium tetroxide (Kunzmann 1990 ). Samples of muscle, b r a~n , blood and liver (antifreeze) and samples for more detailed lipid analyses were deep-frozen at -80°C.
Analysis of total lipid content and composition. In the home laboratory the specimens were lyophilized for 48 h and their dry weight determined. The lipid fraction was extracted with chloroform/methanol [2:1, v:v, plus 0.01% butylhydroxytoluene (BHT) as anti- Fig. 1 Investigation areas (shaded boxes) durina the various 'Polarstern" expedGlons in the Weddell Sea and the Lazarev Sea. Currents (arrows) according to Hubold (1992) . WSC = Weddell Scotia Confluence; WWD = West Wind Drift; EWD = East Wind Drift
Weddell Sea
oxidant] and the total lipid content (espressed in percent of dry weight, %DW) was determined gravimetrically according to Folch et al. (1957) . The lipid class composition (phospholipids, triacylglycerols etc.) was analyzed according to Fraser et al. (1985) by thin-layer chromatography/flame ionization detection with an IATKOSCAN. Different standard mixtures were prepared for calibration which approximated the lipid class composition of the samples analyzed.
For details see Hagen (1988) and Friedrich & . Extraction of gangliosides. The whole brain was removed from the anaesthezised fish, weighed and deep-frozen at -80°C. The extraction and purification of gangliosides was performed according to Svennerholm & Fredman (1980) . Ganglioside content and composition were examined in the combined aqueous phases as well as in the organic phase. Quantitative estimates of sialic acid were carried out according to Svennerholm (1957) as modified by Miettinen & TakkiLukkainen (1959) Aliquots of purified ganglioside mixtures were separated by thin-layer chromatography on pre-coated silica gel plates (high-performance thin-layer chromatography, HPTLC, 0.2 mm, Merck). The ganglioside spots were visualized with resorcinol reagent (Svennerholm 1957 ) and identified in comparison to CO-chromatographed known standards. Two-dimensional HPTLC (2-D-HPTLC) was performed in order to separate alkali-labile from alkalistable gangliosides. Fractionation of the ganglioside mixtures was attained by modifying the methods of Ledeen et al. (1981) , Ghidoni e t al. (1984) and Sonnino et al. (1984) .
Extraction of antifreeze compounds. Fish or tissues were homogenized in 50% ethanol. Ethanol was removed by evaporation under vacuum. After centrifugation the supernatant was pre-treated with 10% trichloroacetic acid (TCA) at 0°C and then centrifuged at 5000 X g. Removal of TCA by extensive dialysis yields a preparation greatly enriched in antifreeze glycoproteins (AFGP). The eluates were concentrated by ultrafiltration and subsequently freeze-dried. Samples were passed over Bio-Gel TSK DEAE 5PW (Bio-Rad) ion exchange resin (column 75 x 7.5 mm i.d.) equilibrated with 20 mM Tris-HC1, pH 9.5 and a NaCl gradient (0 to 0.8 M ) . The freeze-dried glycoprotein fractions were desalted by extensive dialysis. Finally, the samples were resolved by reversed-phase HPLC using a C4 column (5 pm, Bischoff) with a 0.1 % trifluoroacetic acid/acetonitrile gradient (Wohrmann & Haselbeck 1992) .
The amino acid analysis was accomplished on an 'Applied Biosystems' model 420A derivatizer-analyzer system. The carbohydrate residues were analyzed using high-performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD) or on dot blots. Circular dichroism (CD) spectra were obtained 1~1th a Jasco 5-600 spectropolarimeter with a 0.1 mm cell and a temperature-controlled sample compartment. Molecular weight was determined by polyacrylamide gel electrophoresis, plasma desorption mass spectrometry and laser light scattering. Solutions of antifreeze glycoproteins were analyzed for activity by differential scanning calorimetry (Perkin-Elmer DSc-7). For detailed references of all procedures see Wohrmann (1993 Wohrmann ( , 1995 Wohrmann ( , 1996 .
Analysis of blood samples. Blood samples were drawn from the caudal vein of unanaesthetized specimens by means of heparinized syringes. The general blood parameters were investigated immediately on board the 'Polarstern'. They comprised pH, p 0 2 and p C 0 2 (partial pressure of oxygen and carbon dioxide), RBC (number of red blood cells), Hct (haematocrit), Hb (haemoglobin concentration), MCH (mean cellular haemoglobin) and MCHC (mean corpuscular haemoglobin concentration). Detailed descriptions of all methods are given in Kunzmann (1991) .
Structural and functional studies were carried out on frozen blood cells at the Institute of Protein Biochemistry and Enzymology (IBPE) in Naples, Italy. Haemolysates were prepared, according to previously described methods (D'Avino & di Prisco 1988) with 20 mM Tris-HC1 at pH 8.0. For the detection of multiple haemoglobin components electrophoretic analyses of haemolysates were carried out on cellulose acetate in Tris-glycine at pH 9.0 with a chamber from 'Gelman Sciences'. Assessment of globin molecular weight was achieved by means of sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, which was run on a 'Bio-Rad' system PROTEAN I1 together with a standard of known molecular weight. Both procedures were described in detail by D'Avino & di Prisco (1988) .
RESULTS
Lipids
Postlarvae (age class, AC = 0; 15 to 20 mm) have a low Iipid content (12 to 15% DW), which consists mainly of structural llpids, e.g phospholipids (Figs 2  & 3 ). This is a typical pattern in early pelagic life stages, where energy is primarily directed towards growth, i.e. protein build-up. During the second year lipids increase drastically and early juveniles (AC 1; 45 to 48 mm) have lipid contents of about 20 to 32% DW. The lipid accumulation curve ( a lipid content of 33 to 41 % DW (Fig 2) . The lipia increase in AC 1 and 2 is due to a massive accumulation of triacylglycerols ( differ in their number of sialic acid residues and show temperatures in the Eastern Shelf Water, contain the remarkable differences between the cold-stenothermic most polar penta-and hexasialogangliosides (1.5 %) notothenloids and warm-adapted fish species. The ever found in a vertebrate brain (Fig. 4 ) . In contrast, brains of a number of notothenioids, mostly notothenithe brains of the sub-Antarctic species Notothenia gibids and bathydraconids, even have gangliosides with berifrons and the icefish Neopagetopsis ionah, which more than 5 sialic acid residues. The brains of adult live in less frigid waters (+0.5"C), do not contain any P. antarcticurn, which are exposed to extremely low hexasialogangliosides.
GDla In a second set of analyses alkali-labile (0-acetylated/ lactonized) were separated from alkali-stable gangliosides. The percentage of alkali-labile gangliosides correlates with the ecophysiological state of thermal adaptation (Table 1) . Smaller amounts of alkali-labile brain gangliosides (34 %) are found in warm-stenothermic species, whereas the brains of notothenioids contain up to 65% of such types of glycosphlngolipids. Individual differences among the notothenioids were small. Highest values were found in the brains of highAntarctic nototheniids, with 64 % alkali-labile brain gangliosides in Pleuragramma antarcticum.
Antifreeze glycoproteins
The AFGPs isolated from Pleuragramma antarcticum have a n amino acid (AA) composition of alanine and threonine in a 2:l ratio, and some proline occurs in the lower molecular weight glycopeptide fractions (AFGP 6-8) (Fig. 5) . Carbohydrate analysis revealed the presence of galactosamine (GalNAc) and galactose (Gal) in a 1 : l ratio. The AFGP concentration in adult specimens of antarcticum (267 mg kg-' fresh weight) is about 80 O/o lower as compared to other notothenioids from the same region of the Weddell Sea, e.g. Trematomus lepidorhinus (1351 mg k g ' fresh weight). However, an additional glycopeptide was discovered in P. antarcticum which occurs in similar concentrations as the AFGPs (Fig. 5) . Amino acid analysis of this novel glycopeptide, called 'Pleuragramma-antifrewe glycopeptide' (PAGP), revealed a compositi.on of 30.1 mol% glycine, 14.7 mol% aspartic acid, 15.5 molx glutamic acld, and 11.3 mol% alanine, as well as smaller amounts of threonine, lysine, leucine, and valine. Sugar analysis by HPAEC-PAD identified N-acetylglucosamine as carbohydrate residue (Fig. 5) . The molecular weight of PAGP
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Amino is approximately 150 kDa, the root mean square radius 57.3 nm as determined by laser-light scattering and therefore similar to the root mean square radius of the high molecular weight AFGP 1.
The analysis of CD for the PAGP, obtained at a temperature of 20°C, shows p-sheet (56%), a-helical (19 %) and random chain (25 %) characteristics. This suggests the existence of a deflnite secondary structure. The CD spectrum strongly deviates from that of AFGP. The results reveal AFGP as having a lefthanded helical structure. Both AFGP and PAGP have an expanded secondary structure. The antifreeze compounds comprise 2.46 mg ml-' blood serum in adult specimens (22 cm SL). The AFGP/PAGP contents vary depending on the age of the fish, but no relationship was observed between AFGP/PAGP concentration and depth of catch ( Table 2) .
The antifreeze activity was measured by differential scanning calorimetry (Fig. 6) . The sample was frozen at -40°C, then taken to various annealing temperatures (between 0.2 and -l.O°C for 5 min) and cooled again. At -0.2"C no ice was present, and the sample supercooled and crystallized around -17°C. While water, non-antifreeze peptides or glycopeptides freeze immediately upon cooling when ice is present, AFGP revealed an initial shoulder immediately upon cooling, followed by a delay before the onset of freezing. For a detailed description of this method see Wohrmann (1996) . The antifreeze activity increased with decreasing ice content (Fig. 71 , with an observed maximum hysteretic activity of 1.2"C in the case of AFGP. However, no shoulder was observed when cooling blood serum or PAGP.
In contrast to AFGP, the PAGP antifreeze activity showed a very pronounced increase with decreasin.g ice content and glycoprotein concentration. A thermal hysteresis maximum of 1.23"C was determined at a When the colligative freezing point depression effects of plasma solutes (0.8g°C) are added to the thermal hysteretic effect of blood serum (1.06"C), the resulting Gill morphometrics protection from freezing (= -l.g°C) does not reach the lowest water temperature experienced by adult Gill dimensions of 27 juvenile and adult PleuraPleuragramma antarcticurn (<-2.l0C). AFGP showed gramma antarcticurn were determined (Fig. 8) . The a higher activity at very high ice contents (>50"%), an moderate number of short filaments results in a low important factor in the ice-laden waters of the highaverage value of 1000 mm total filament length (TFL) Antarctic region. This is complemented by PAGP, for P. antarcticum. Lamellar density decreases with which exhibited the highest activity at low ice conincreasing body weight. With an average of 21 lameltents (Fig 7) . lae per mm filament, the lamellar density in P, antarcticurn is higher than in other Antarctic PAGP (30 rng/ml) notothenioids known so far and higher than AFGP & PAGP (5 rng/m~) ---------AFGP (20 mg/ml) in some sluggish species (e.g. Lophiuspiscatorius and Anguilla anguilla), but distinctly lower as compared to active species such as Scomber scombrus (Kunzmann 1990 ). The total gill area (TGA = a X W d g ; a = gill area index, GAI, W = body weight, and dg = slope of IogTGAllogW in Fig. 8 ) is estimated to be 597 to 6583 m m v m e a n g-', whereas active species such as S. 
DISCUSSION
In high-Antarctic waters such as the Weddell Sea the pelagic fish community represents a relatively young component of the ichthyofauna, which evolved during the interglacial periods (DeWitt 1970 . As one of very few fish species, Pleuragramma antarcticum succeeded in occupying the pelagic habitat (Eastman 1993 ). This species benefits from the higher productivity in the water column and achieves larger stock sizes than the strictly benthic species in this region (Hubold 1992) . During the various phases of its life cycle P. antarcticum makes full use of the highAntarctic shelf regions. Below we will follow the different stages of its life history, describe the extreme 
Fig. 10 Pleuragl-amma antal-ctlcum Oxygen saturatlon as a f u n c t~o n o f pH (Root e f f e c t ) T h e difference in saturatlon bet\~*cen ( a ) Hb 1 and ( b ) Hb
2 at low pH is about 1 5 to 2 0 % I H P = lnos~tol hexaphosphate environmental conditions in the pelagic habitat that the species has to cope with and further highlight some of the extraordinary adaptations which enable P. antarcticurn to thrive In these polar waters.
Life history
The reproductive cycle of Pleuragramma antarctlcum is closely coupled to the seasonal zooplankton production during the short spring and summer period (Hagen & Schnack-Schiel 1996) . Transport of larvae with the coastal current suggests upstream spawning m~grations of the adults which spawn numerous small eggs (13 000 per female; 2 mm In diameter) in winter (August). Such a relatively high fecundity and the small eggs are unusual for notothenioids (Hubold 1991 (Hubold , 1992 . The eggs probably float benthopelagically over the slope of the shelf (in the Warm Deep Water; G. Hubold pers. comm.). By November the larvae hatch at depths below 500 m on the eastern shelf in the coastal current upstream from juvenile and adult populations. The yolk sac larvae ascend to the stabilized surface layer while consuming their internal energy reserves. Along the Antarctic continent the local hydrographical features of the Weddell Sea coastal current provide stable advection and retention structures for the larvae. These assure larval transport from the hatching areas on the eastern shelf to the nursery grounds in the South. During this drift vertical and horizontal segregation of postlarvae, juveniles and adults prevents cannibalism (Hubold 1984 (Hubold , 1985a .
The early postlarvae exhibit low lipid levels. These compounds consist mainly of structural lipids (phospholipids), whereas reserve lip~ds (triacylglycerols) are scant. Hence, these postlarvae cannot rely on theiienergy stores; they require external energy sources. At this time of the year -if the timing is right -some of the dominant copepod species start to reproduce (Schnack-Schiel & Hagen 1994 ,1995 , Hagen & SchnackSchiel 1996 and their offspring matches the trophic requirements of the Pleuragramn~a postlarvae. WIajor prey organisms are therefore copepod nauplii between 0.1 and 0.5 mm but also cyclopoid copepods ranging from 0.2 to 0.8 mm (Dorrien 1989 , Hubold & Hagen 1997 . Larval development is rather rapid (0.15 mm d-l), comparable to herring larvae In the North Sea, since it takes place 111 the I-elatively warm and productive summer surface layer of the shelf water (Hubold 1985a , Hubold & Tomo 1989 .
During their first year the postlarvae seem to 'invest' dietary energy mainly in somatic growth (protein build-up). However, during their second summer they start to accumulate large lipid deposits, mainly in the form of triacylglycerols. This incorporation of lipids in specific ventral oil sacs coincides with ossification and sclerification (DeVries & Eastman 1978) . Since Pleuragrarnrna antarcticurn lacks a swim bladder to regulate ~t s buoyancy, these low-density compounds will provide hydrostatic llft to prevent the fishes from sinking, a crucial factor for such a strong pelagic migrant.
Indeed, P. antarcticum is so well-adapted that it almost attains neutral buoyancy due to lipid deposition and reduction of heavy elements (DeVries & Eastnian 1978 , Eastman & DeVries 1982 The triacylglycerols may to some degree also serve as energy stores during t~m e s of food paucity, although major catabolism of l~p i d s would inevitably cause buoyancy problems (Friedrich & Hagen 1994) .
Maximum amounts of antifreeze glycoproteins, both AFGP and PAGP, were detected in the postlarvae. Postlarvae were found all along the coast of the Weddell Sea, as far west as 60°W. The early stages of Pleuragramma antarcticurn are most abundant In the upper 100 m (Hubold 1990) . Highest concentrations of postlarvae of P. antarcticurn and other domlnant spe-cies (e.g. Chionodraco myersi and Aethotaxis mitonatural deeper water habitat, juveniles of P. antarctipteryx) were associated with the strongest horizontal cum are in little danger of freezing. The temperatures currents (White & Piatkowski 1993) . The overall pat-(e.g. -0.5"C at the continental slope in the Weddell Sea) tern of distribution appears to be associated with the are higher and the effect of hydrostatic pressure lowers cold water (-1.4 to c -2 0°C) of the ice shelf (Hubold their freezing point to -2.3"C (at 500 m); hence, these 1985a). The postlarvae are also abundant over the waters remain in a supercooled state. deep trenches (Filchner depression and the trench off Camp Norway). These trenches or 'inner-shelf depressions' were defined as a 'pseudo-abyssal zone' by Subadults and adults Andriashev (1965) and belong to the cold ice-shelf ecosystem. Hydrographic observations made during
In contrast to the postlarvae, growth of subadult the 'European Polarstern Study' (ANT VII/4; summer and adult Pleuragrarnma antarcticum is amongst the 1989) suggested marked vertical mixing and possible slowest known of marine fish (Hubold & Tomo 1989) . upwelling of cold ice-shelf water at the shelf-break
The combination of a low growth parameter k (0.07) front (Rohardt et al. 1990 ). The high antifreeze conand a low infinite length (31 cm) results In a low tents in the postlarvae of P. antarcticurn seem to be an growth performance index ( P = 1.08). Slow growth of obvious adaptation to life in surface waters, where P. antarctjcum is considered an adaptation to make these specimens may be exposed to freezing temperaoptimum use of the product~ve mesoplankton fraction tures and arc? most likely to come in close contact with (copepods) over most of the fishes' life span (Hubold ice-formation processes.
1990). Instead of investing it in somatic growth, this metabolic energy can fuel reproduction, activity (including spawning migrations), freezlng resistance and Juveniles lipid deposition (Hubold 1991) . In addition to the food items of juveniles, adult P antarcticurn ingest a higher During a prolonged juvenile phase, Pleuragramma proportion of larger euphausiids (10 to 40 mm). This antarcticum fingerlings spread over a wide area dietary flexibility enables P. antarcticurn to cope with towards lower latitudes, e.g. the Antarctic Peninsula, the strong seasonal as well as spatial variability of the where they feed on the abundant copepod and larval high-Antarctic zooplankton. Thus, adult P antarcticurn krill resources (Hubold & Ekau 1990) . Juveniles feed utilize a much wider range of different food items than on a variety of small zooplankton species like calanoid any other notothenioid species (Hubold 1985b, Hubold copepods (0. 3 to 15 mm) and euphausiid larvae (1.5 to R Hagen 1997). The high fecundi.ty and the fast growth 5 mm) and have a broader nutritional basis than other of postlarvae, as well as the subsequent slow growth of notothenioids (Hubold & Hagen 1997) . P. antarcticurn juveniles and adults consuming a wide range of difspecimens have been reported as by-catch in hauls of ferent food organisms, seem to be key adaptations of the Antarctic krill Euphausia superba. In this case P. antarcticurn, which may explain the predominance they often had juvenile euphausiids in their stomachs of this species throughout the high-Antarctic shelf (Rembiszewski et al. 1978) . Hence, it is likely th.at waters. young fish leave the cold waters of the shelf to feed on However, the dominance of Pleuragranlma antarckrill at depths of 100 to 400 m in the warmer East Wind ticum in the pelagic realm would not have been possiDrift. Recruitment of 5 to 7 yr old fishes to the southern ble without pronounced biochemical and physiological adult stocks thus includes input of allochthonous adjustments. We have already discussed the imporenergy into the high latitude shelf system. Growth of tance of lipids in buoyancy regulation and as a possible juveniles is much slower than in the postlarvae, and energy reserve. Lipid compounds represent an importhe juvenile phase extends over several years (Hubold tant metabolic fuel for aerobic respiration of P. ant-1991, 1992) .
arcticum. The substantial amounts of lipid in the Juveniles of Pleuragrarnma antarcticum continue to muscles of Antarctic fish have chemical properties deposit extensive amounts of lipid (Friedrich & Hagen that may al.so increase the intracellular flux of oxygen 1994). Other Antarctic notothenioids also show sub-(Side11 1991). stantial corporeal accumulations of lipid, which are Low temperatures also require neurophysiological considered to be buoyancy adaptations in this swim alterations. In Antarctic fish action potentiaIs may bladderless group (Eastman & DeVries 1982) . However, occur down to the disruptive freezing of membranes lipids are the primary fuel for energy metabolism of (-5°C). There are stable and relatively high conduction Antarctic fish (Side11 1991) . The antifreeze compounds velocities and a lowered upper thermal limit of spike AFGP and PAGP in juvenile specimens show the lowest activity (Macdonald et al. 1987 , Montgomery et al. concentrations of all investigated age classes. In their 1990 . In specific zones of the cell membrane, ganglio-sides aggregate in clusters and appear to influence the fluidity and/or the polarity of these areas. The ability of gangliosides to complex with calcium enables these glycosphingolipids to open ion channels for the influx of calcium ions (Rahmann 1992) . Due to these specific interactions with calcium, gangliosides are assumed to modulate functional membraneous proteins. However, the extremely high polarlty of brain gangliosides in Pleuragramma antarcticum causes a high binding affinity with calcium. This could be shown with an energy-filtering transmission electron microscope for Image Electron Energy-Loss Spectroscopy (Wohrmann unpubl.) . Thus, normal conduction velocities of the neuronal membranes are maintained even below the freezing point (Rahmann et al. 1984 , Beckei-et al. 1995 . Furthermore, the high proportions of lactonization and 0-acetylation of the brain gangliosides in P. antarcticun~ represent an important modulation of the surface electrostatics of the neuronal membranes to ensure a regular functioning of action potentials.
A crucial adaptation to the cold Antarctic environment is the presence of antifreeze proteins in most Antarctic fishes (Macdonald et al. 1987 , DeVries 1988 , Wohrmann 1997a . In contrast to earlier reports, our findings have shown that this holds true also for Pleuragrarnrna antarcticum. This is not surprising. since this species, especially the early developmental stages, may frequently be exposed to freezing conditions. Maturing adults possess low molecular weight AFGP 6-8 and PAGP in concentrations similar to those found in the postlarvae, but they have high amounts of the high molecular weight AFGP 1-5. This is an important feature for the survive1 of P. antarcticum in the cold deep waters. AFGP 6-8 and PAGP are much less effective in depressing the freezing temperature. These compounds have a greatly reduced level of activity when ice is developing by nucleation during supercooling conditions at depth (Feeney & Yeh 1993 , Wohrmann 1995 . In adult P. antarcticum the freezing point of the blood serum (= -1.9"C) is above the lowest water temperature experienced by this species (< -2.0°C). At depths below 500 m these specimens live in a supercooled state, but in surface waters they may freeze when contacting ice crystals. This may explain the occurrence of frozen specimens of P. antarcticum after being hauled onboard 'Polarstern' from greater depths.
The year-round synthesis of high amounts of antifreeze glycopeptldes (>20 mg ml-' blood serum) causes high metabolic costs in species like the cryopelagic Pagothenia borchgrevinki and the benthic Pagetopsis rnacropterus. To minimize these metabolic demands, antifreeze peptides are only produced in minimum essential concentrations by the more active and the pelagic species, e g . Neopagetopsis ionah and Aethotaxis mitopteryx (Wohrmann 1997b) . The synthesis of different antifreeze glycopeptides and peptides in rather low concentrations as well as the high efficiency of these compounds is an adaptation characteristic of the fully pelagic Pleuragramma antarcticum.
Gill morphometric data indicate that in spite of its pelagic life style Pleuragrarnma antarcticum belongs to the sluggish species with low routine energy costs. This is suggested by the long diffusion distances of P. antarcticum and its very low mean unit gill area. The latter is similar to sluggish species of temperate regions (Gray 1954 , Hughes 1966 , Hughes & Morgan 1973 , but much lower as compared to active, pelagic species (Gray 1954) . The same holds true for the low haematocrit of P. antarcticurn (Everson & Ralph 1968 , Love 1980 . The idea of rather inactive behaviour is also supported by other characteristics of P. antarctjcum, such a s neutral buoyancy d u e to lipid storage, and a poorly developed motoric system (Johnston et al. 1988 ). However, the closely packed gill lamellae indicate that P. antarcticum has at least a potential for more active behaviour, which is in contrast to other sluggish Antarctic fish species.
Adaptations In the respiratory system of Pleuragramma antarcticurn allow this species to maintain a fairly stable oxygen affinity. In combination with the saturation properties of haemoglobin H b 2 these adapatations ensure a sufficient oxygen supply upon encountering water masses with a decreased oxygen content. This situation may occur when older specimens descend to the Warm Deep Water In comparison to other notothenioids the presence of 2 or more haemoglobins in higher amounts is unusual (Kunzmann 1991 , Kunzmann e t al. 1992 ). We do not know a s yet whether H b 1, H b 2 and H b 3 are functionally different haemoglobins. This is particularly interesting in P. antarcticum because of its seasonal migrations. Different water masses are probably encountered during such migrations and functionally different haemoglobins could be advantageous if ambient oxygen concentrations vary. More detalled functional studies on the haemoglobins Hb 2 and H b 3 and the sequencing of all 3 haemoglobins may clarify this phenomenon.
In summary, gill morphometrics and the various blood parameters indicate that adult Pleuragr-amrna antarcticum have a rathel-sluggish mode of life (Kunzmann 1990) , as compared to other fish species (Hughes 1984 ). This notion is quite different from our conventional concept of pelagic schooling fishes from warmer regions, which usually have high activity levels. On the other hand, it is in good agreement with data from a close relative, Aethotaxis mitopteryx, a benthopelagic species from high-Antarctic waters (Kunzmann & Zimmermann 1992 , K.unzmann et al. 1992 . Grigg (1967) and Hureau et al. (1977) (Andersen 1984 , Eastman 1985 and ~t is the most advanced group amongst the Nototheniidae All 4 specles are more or less conf~ned to a pelagic/benthopelagic mode of life Some special adaptations ( e g neutral buoyancy ant~freeze, blood characteristics) may be of relatively recent origln (Andersen 1984) and could be assigned to recent changes in life style Apparently this unique mode of llfe for fish, i e pelagic and sluggish, seems to be an energy-saving adaptat~on (Kunzmann 1991 , Kunzmann & Zlmmermann 1992 ) Such economic behaviour could provide advantages in the frlg~d highAntarctic waters, which have a much higher viscosity and may turn fast swlmming into an energy-intensive struggle (Hubold 1992) Sluggishness in the few ex~sting pelag~c Antarct~c fish specles may be a rehct of thelr b e n t h~c ancestors, w h~c h selectlve pressures never forced them to abandon CONCLUSIONS Pleurayramma antarcticu~n has evolved from a bottomdwelling, solitary species to a pelagic schooling fish wlth a circum-Antarctic distribution It occurs In epiand mesopelagic layers and was confronted with various new problen~s, which the specles managed to overcome In this paper we have highlighted some of these adaptations which help to e x p l a~n the overwhelming dominance of P antarcticum in the high-Antarctic pelagic habitat Subadult and adult P antarcticum have a very h~g h mean lipid content, second only to Aethotaxis mitopteryx These potent~al energy stores greatly improve the buoyancl. character~stics of P antarcticum The synthesis of various c,ff~nblnt antifreeze glycopept~d e s and peptides in relatively low concentrations is another extraordinary adaptat~on to 11fe in polar waters, which only the fully pelagic P antarct~cum has developed Morphological, ultrastructural and blood physlological studies suggest that pelagic notothen~oids like P antarcticum are rather sluggish wlth a low scope of act~vity and low metabolic demands P antarctlcum IS a prime example of the complex adaptations required to successfully occupy such a new habitat. This 'pioneerlng' fish species has impressivel) filled the pelagic n~c h e in high-Antarctic shelf waters.
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